1. INTRODUCTION {#sec1}
===============

In the last years, comparative genomics has greatly shed light on our understanding of how sequence duplication impacts on genome function, especially because it was found to be associated with both the generation of potentially adaptive variation and the alteration of gene expression \[[@r1], [@r2]\]. In higher organisms, there are many different genomic rearrangements associated with sequence duplication and functionalization (Box [**1**](#T1){ref-type="table"}), including polyploidy, chromosome duplication, unequal crossover, *etc*. \[[@r3]-[@r5]\]. All these events may potentially alter the transcriptional activity and thus affect fundamental biological processes such as development and differentiation. It is well known that duplication of coding sequences alters transcriptional activity through dosage effects \[[@r6], [@r7]\]. Similarly, duplication of non-coding sequences has been associated with the control of transcriptional activity in animals ranging from arthropods to vertebrates. For instance, in the spider *Parasteatoda tepidariorum*, approximately one-third of the annotated microRNAs (miRNAs) are present in two or more copies, suggesting thereby that duplication of non-coding RNAs (ncRNAs) is an important molecular mechanism underlying the evolution of these arachnids \[[@r8]\]. In vertebrates, miRNA duplication has shown to be essential for accelerating the recruitment of new target sites during the evolution of higher organisms \[[@r9]\].

Recent genome-wide studies have highlighted the importance of the link between gene duplication and transcriptional regulation \[[@r10]-[@r12]\]. Moreover, computational analysis of high-throughput RNA-Seq data has also recently shed light on the mode in which functional genes emerge through duplication and undergo functionalization \[[@r13]\]. This is especially true for Hox genes, which play essential roles in the development of the anterior-posterior body axis in metazoans. In mammals, Hox genes are classified into 13 sets of paralogous families arranged into four linkage groups \[[@r14]\]. Hox gene clusters contain regulatory non-coding sequences that modulate gene expression at these loci and orchestrate downstream developmental programs \[[@r15], [@r16]\]. Recent reports reveal that Hox duplication had an important impact during the evolution of distantly related animal lineages, including spiders and mammals. In mammals, the expression of paralogous Hox genes is responsible for the development and differentiation of cells and tissues as well \[[@r17], [@r18]\]. Moreover, in arachnids, differential expression of duplicated Hox genes may have played important roles in the speciation of this group. In the embryonic stage of *P. tepidariorum*, Hox factors emerged by duplication which exhibit differential spatiotemporal expression have been identified \[[@r19]\]. In the scorpion *Centruroides sculpturatus*, it was reported that differential expression of a duplicated Hox-gene cluster is associated with the segmental identity \[[@r20]\]. Similarly, the differential expression of the duplicated dachshund (dac) developmental gene has been linked with the emergence of the patella, a leg segment only present in spiders \[[@r21]\]. These works, as well as others, show that arachnids can be used as model organisms for the elucidation of the evolutionary mechanisms underlying transcriptional regulation, especially when they involve the study of developmental genes. Likewise, further research into the mechanisms of gene duplication could also help to understand how different gene expression patterns are associated with developmental signaling pathways.

The multicopy ribosomal RNA genes (rDNA) have also been found to be associated with duplication and transcriptional regulation. In eukaryotes, the major family of ribosomal genes is constituted by housekeeping (constitutively expressed) genes organized in tandem arrays and transcribed together as a large precursor RNA molecule, which is then processed to generate mature 28S, 18S and 5.8S ribosomal RNAs (rRNAs). Functional diversification of rDNA genes occurred independently across different lineages during eukaryotic evolution. In chaetognaths, which constitutes a small phylum of marine organisms, an interesting case of functionalization involving rDNA genes has been reported. In *Spadella cephaloptera* (Chaetognatha), two different classes of 18S rDNA paralogous genes have been identified: 18S Class I, constitutively expressed in all tissues, and 18S Class II genes, differentially expressed in oocytes, being the last one of the cellular types that exhibit higher translational activity \[[@r22], [@r23]\]. Consequently, this suggests that 18S and 28S paralogous genes have important roles during specific cellular processes and they are key players in the evolution of this group \[[@r23]\].

The amplification and duplication of Transposable Elements (TEs) have also been recognized as important mechanisms underlying the evolution of eukaryotic genomes \[[@r24]-[@r26]\]. Until recently, TEs were believed to be only selfish/parasitic sequences, but now we know that they may also play important roles in host genome evolution and gene function \[[@r27]-[@r29]\]. According to their mechanisms of transposition, TEs can be classified into retrotransposons and DNA transposons, transposed *via* copy-and-paste and cut-and-paste mechanisms, respectively. A particular group of non-autonomous TEs referred to as miniature inverted-repeat transposable elements (MITEs), abundant in many plant and animal genomes, has recently been associated with the regulation of metabolism-related gene clusters that probably emerged through duplication \[[@r30]\]. In grasses, it has been suggested that MITEs could play a role in the mechanism of regulation of master developmental genes found in conserved syntenic blocks \[[@r31]\]. Interestingly, it has been proposed that subfamilies of MITEs derived from amplification of one or a few elements that generated hundreds to thousands of copies \[[@r32], [@r33]\]. Insights into biological mechanisms associated with MITE activity (*e.g.*, amplification, insertion, *etc*.) will certainly improve our understanding about the roles of TEs in eukaryotic genome evolution. Another interesting example of the association between TEs and transcriptional regulation is the case of Short Interspersed Transposable Elements (SINEs), which are non-autonomous retrotransposons involved in gene expression variation \[[@r34]\]. In the zebrafish (*Danio rerio*) model system, a miRNA family that has undergone multiple duplications and segmental replication during the evolution of vertebrates has been associated with the regulation of genes predicted to bear SINE elements \[[@r35]\]. Moreover, in the elephant shark *Callorhinchus milii* (Elasmobranchii:Callorhynchidae), transcriptomics analysis suggests that SINE retroelements could be involved in the biogenesis of miRNAs and be targets of miRNA regulation \[[@r36]\].

The evolutionary synergy among TEs and target DNA sequences might also shed light on the mechanisms involving transcriptional regulation. Integration of TEs into the genome can be a targeted and site-specific mechanism, as has been described for the insertion of retrotransposons into specific rDNA genes, microsatellite and telomere sequences \[[@r37], [@r38]\]. These targeted transposition events represent itself a coevolutionary strategy since they may potentially increase the rate of TE insertion without affecting the fitness of the individual (*e.g.*, by preventing the deleterious consequences caused by single-gene disruption). In animals, R2 retrotransposons insert into target 28S rDNA gene sequences, ultimately contributing to their diversification \[[@r38]\]. R2 is a group of retrotransposons that would have diverged more than 850 million years ago before the split of major bilaterian lineages, and they have been identified in rotifers \[[@r39]\], insects \[[@r40], [@r41]\], crustaceans \[[@r42]\], and chordates \[[@r38], [@r43]\]. Regarding the importance of R2 TEs in gene regulation, it has been shown that these elements encode an enzyme required for the cleavage of rRNA-R2 co-transcripts \[[@r44]\], being thus involved in the modulation of rDNA transcription. In addition, R2 TEs and target rDNA genes are both epigenetically silenced by the formation of heterochromatin blocks in the nucleus of germline cells \[[@r45], [@r46]\]. Therefore, since redundant rDNA arrays are present in eukaryotic cells, targeted insertion of R2 elements might be beneficial to the host by generating transcriptional variation at the redundant rDNA gene clusters whilst R2 TEs would exploit this mechanism to increase their inheritance rate. It is important to note that chromosomal localization can also influence rDNA expression \[[@r47]\], thereby the mechanism of insertion of R2 retroelements has not the same effect on different rDNA arrays.

CONCLUSION
==========

Sequence duplication and transcriptional regulation collectively represent a strategy to generate potentially adaptive variation at the genome level. The combination of these events is known to produce the fixation of sequence variants and to be associated with different mechanisms that are capable to generate genome instability (*i.e.*, conditions leading to genetic rearrangements). Since transcriptional regulation can involve duplication of both protein (coding) and regulatory (non-coding) sequences, it is expected that insights into this adaptive strategy will not only give us a better understanding of the genome organization and sequence evolution but will also shed light on the underlying biological factors that control gene expression and developmental programs.
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  **Box 1- Mechanisms of sequence duplication associated with functionalization**\
  **Neofunctionalization:** functional divergence associated with the origin of a novel function in one of the duplicated sequences.\
  **Subfunctionalization:** division of the ancestral function between duplicated sequences.
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